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A  scalable  process  for  the  synthesis  of  vertical  aligned  carbon  nanotubes  (VA-CNT)  with  precise  control 
over  structural  properties  is  described.  Direct  growth  on  metal  foils  is  achieved  using  a  dip-coating  step 
for  the  wet-chemical  catalyst  layer  deposition  and  a  subsequent  chemical  vapor  deposition  step  for  CNT 
growth.  Two  optimized  Fe/Co  and  Fe/Mo  2-ethylhexanoate/2-propanol  solutions  are  applied  as  precur¬ 
sors  for  the  catalyst  layer  deposition  and  the  influence  of  catalyst  film  thickness  on  resulting  CNT  film 
properties  is  investigated.  The  catalyst  layer  thickness  can  be  controlled  by  the  precursor  salt  concen¬ 
tration  in  the  dip  coating  solution.  By  using  a  Fe  and  Co  (2:3  ratio)  catalyst,  the  CNT  film  homogeneity 
dramatically  drops  with  lowered  catalyst  concentration  due  to  a  strong  Ostwald  ripening  behavior  of  the 
catalyst  layer.  By  using  the  FeMo  (47:3  ratio)  catalyst  system,  homogeneous  VA-CNT  films  are  obtained 
and  the  average  CNT  diameter  can  be  adjusted  in  a  range  of  5-20  nm  by  the  catalyst  layer  thickness.  The 
electrochemical  properties  of  the  CNT  electrodes  are  investigated  in  a  symmetric  supercapacitor  test  cell. 
The  lowest  CNT  diameters  of  5  nm  results  in  a  specific  double  layer  capacitance  up  to  60  F  g-1 ,  while  the 
density  of  the  films  directly  correlates  with  its  pore  resistance. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  efficient  synthesis  of  vertical  aligned  carbon  nanotube  (VA- 
CNT)  films  via  chemical  vapor  deposition  (CVD)  growth  -  also 
named  “super  growth”  was  discovered  2004  by  Hata  et  al.  [1,2] 
and  has  been  intensively  studied  since  then.  Most  promising  appli¬ 
cations  are  field  emission  displays  [3-5],  lithium  ion  cells,  optical 
polarizers  [2,6],  gas  sensors  [7],  heat  conductors  and  electrochemi¬ 
cal  double  layer  capacitors  (EDLC)  [2].  VA-CNT  have  a  high  intrinsic 
conductivity,  an  ordered  pore  structure  and  a  direct  binder-free 
contact  between  substrate  and  CNT. 

For  the  scalable  production  of  VA-CNT  based  electrodes  atmo¬ 
spheric  pressure  deposition  techniques  and  direct  synthesis  of 
VA-CNT  on  conductive  substrates  need  to  be  developed.  Further¬ 
more,  a  good  control  over  diameter,  length  and  density  is  necessary. 
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Especially  in  EDLC  electrodes,  the  CNT  diameter  influences  the  spe¬ 
cific  surface  area  correlating  directly  with  the  gravimetric  capacity. 

For  the  CNT  growth  via  CVD,  catalyst  nanoparticles  can  be 
deposited  by  low  pressure  physical  vapor  methods  [8]  or  wet- 
chemical  techniques  [9].  The  synthesis  of  particles  has  the 
advantage  that  particle  diameter  and  with  it  the  CNT  diame¬ 
ter  can  be  easily  predicted.  Low  pressure  techniques  for  particle 
growth  suffer  from  high  investments  necessary  for  up-scaling.  Wet- 
chemical  particle  syntheses  on  the  other  hand  need  additional  time 
consuming  productions  steps  and  the  resulting  particle  dispersions 
tend  to  agglomerate  and  are  thus  not  stable. 

The  other  approach  to  achieve  a  dense  particle  network  is  to 
deposit  metal  or  oxidized  metal  films  being  thermally  treated  and 
reduced  by  hydrogen  or  hydrocarbons.  Most  frequently  used  are 
low  pressure  physical  vapor  techniques  to  deposit  the  conformal 
catalyst  film  coatings  on  the  substrate  [1,10-13].  CNT  diameter  can 
be  adjusted  by  the  catalyst  layer  thickness  [14]. 

An  alternative  route  is  the  wet-chemical  catalyst  deposition 
using  metal  nitrates,  chlorides  and  acetates  in  polar  organic  sol¬ 
vents  such  as  ethanol  and  methanol  [15-18,6]  deposited  mostly 
for  low-pressure  CVD  processes.  Precursor  solutions  can  be  applied 
via  dip-coating  which  is  essential  for  the  development  of  scal¬ 
able  processes.  In  a  previous  work,  the  direct  homogenous  growth 
on  nickel  foils  by  an  atmospheric  pressure  (AP)  CVD  process  and 
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wet-chemical  catalyst  coating  based  on  alcoholic  Fe,  Co  and  Mo 
complex  solutions  has  been  demonstrated  [19]. 

In  this  work,  the  CNT  morphology,  density  and  diameter  can 
be  controlled  by  the  Fe,  Co  and  Mo  complex  concentrations  in 
an  alcoholic  dip-coating  solution.  For  the  AP-CVD  process,  ethene 
as  carbon  precursor  was  used.  The  resulting  catalyst  layers  were 
investigated  by  AFM  and  the  CNT  films  by  SEM,  TEM,  Raman  spec¬ 
troscopy  and  electrochemical  characterization  methods  such  as 
impedance  spectroscopy  and  galvanostatic  charge-discharge  mea¬ 
surements. 


2.  Materials  and  methods 

The  detailed  synthesis  of  the  A1203  and  oxidized  Co,  Fe  and  Mo 
alloy  layers  and  the  subsequent  CVD  process  for  the  VA-CNT  growth 
has  been  described  elsewhere  [19]. 


2.1.  Characterization  methods 

The  as  deposited,  thermally  treated  and  reduced  catalyst  or 
rather  buffer  layer  properties  are  investigated  by  an  atomic  force 
microscope  (AFM)  NANOSCOPE  (DIGITAL  INSTRUMENTS)  in  tap¬ 
ping  modus.  For  the  analyses,  tips  made  of  n-doped  silicon  type 
RTESP  (VEECO)  are  used.  All  images  are  shown  in  topography  con¬ 
trast.  The  oxidized  catalyst  layer  thicknesses  are  also  measured 
by  AFM  on  silicon:  the  as  deposited  catalyst  layer  was  scratched 
by  a  razorblade  and  the  resulting  edge  was  investigated  with  the 
AFM  tip.  Ten  generated  profile  sections  of  each  sample  were  mea¬ 
sured.  The  evaluation  of  the  catalyst  layer  thickness  by  ellipsometry 
was  not  possible  due  to  the  alloyed  layer  and  the  small  thickness. 
The  measurement  of  the  catalyst  thicknesses  both  by  ellipsometry 
and  AFM  on  nickel  foil  was  not  possible  because  of  high  surface 
roughness  (25  nm). 

The  detailed  characterization  of  the  CNT  films  or  rather 
scratched-off  CNT  by  Raman  spectroscopy,  scanning  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM)  is 
described  elsewhere  [1 9].  TEM  resolution  is  limited  so  that  no  exact 
information  about  the  number  of  CNT  walls  can  be  obtained. 

Nitrogen  adsorption  is  carried  out  with  a  surface  area  and  pore 
size  analyzer  Quantachrome  Quadrasorb  SI.  The  specific  surface 
area  (SSA)  is  calculated  by  using  the  (BET)  multipoint  model  and 
the  values  between  0.05  and  0.1  p/po-  For  one  measurement,  the 
CNT  films  of  eight  substrates  (3.5  cm  x  3.5  cm)  were  scratched-off. 


2.2.  Cell  assembly 

All  samples  for  the  electrochemical  tests  are  assembled  in  a  flat 
test  cell  consisting  of  a  stainless  steel  (SS)  current  collector  and  a 
Teflon  body.  An  ethylcellulose  separator  with  25  p,m  thickness  (Nip¬ 
pon  Kodoshi  Co.)  is  placed  between  two  identical  CNT-coated  Ni  foil 
electrodes  (area  of  each  electrode:  1  cm  x  1  cm).  The  diameter  of 
the  SS  current  collector  is  8  mm,  designed  to  be  lower  than  the  sur¬ 
face  area  of  CNT  electrodes  in  order  to  minimize  the  effect  of  extra 
metal/electrolyte  interface  on  electrochemical  measurements.  1  g 
TEABF4  (Fluka,  for  electrochemical  analysis  =  99.0%)  dissolved  in 
10  ml  acetonitrile  (Acros  Organics,  99.9%,  extra-dry,  water  con¬ 
tent  <0.001%)  is  used  as  electrolyte.  The  electrolyte  preparation 
and  cell  assembly  are  carried  out  in  a  glove-box  under  argon  atmo¬ 
sphere.  The  total  internal  resistance  of  metallic  cell  components 
(without  CNT  electrodes,  separator  and  electrolyte)  and  instru¬ 
mentation  is  48  and  was  taken  into  account  in  calculation  of 
resistive  elements. 


2.3.  Electrochemical  measurements 

During  all  the  electrochemical  measurements  the  test  cell  is 
placed  in  a  glove-box  under  argon  atmosphere,  and  the  room  tem¬ 
perature  is  kept  at  25  °C. 

The  impedance  spectra  are  obtained  with  a  Solartron  1286 
electrochemical  interface  and  a  1250  frequency  response  ana¬ 
lyzer  in  the  frequency  range  from  65kFIz  to  100  mHz  with  10 
points  per  decade  using  10  mV  amplitude.  The  data  analysis  is 
performed  using  Zwiev  software  by  fitting  impedance  spectra  to 
equivalent  circuit  models.  The  cell  stability  was  evaluated  with  a 
Solartron  1286  electrochemical  interface  by  performing  galvano¬ 
static  charge/discharge  cycles  with  a  constant  current  of  1  Ag-1 
between  0  V  and  2  V  up  to  2000  cycles.  The  discharging  capacitance 
was  determined  by  integration  of  corresponding  voltage-time 
curves. 

The  cell  capacitance  values  obtained  in  the  symmetric  cell  con¬ 
figuration  were  recalculated  also  to  a  single  electrode  capacitance. 
This  latter  is  four  times  larger  than  the  value  of  cell  capacitance 
measured  in  a  two-electrode  cell  configuration.  The  1 :4  ratio  is  due 
to  the  serial  connection  of  two  identical  capacitor  with  twice  the 
mass  or  twice  the  surface  area  resulting  cell  capacitance  value  per 
mass  or  per  area  is  one  fourth  of  the  same  number  characteristic  to 
the  single  electrode  capacitance. 

3.  Results  and  discussion 

As  described  in  a  previous  publication,  the  applied  process  chain 
includes  the  wet-chemical  catalyst  (oxidized  Fe,  Co  and  Mo)  and 
buffer  (A1203 )  coating  procedure  and  the  subsequent  CVD  process 
at  730  °C  by  using  ethene  as  carbon  precursor  [19]. 

Orientation  and  height  of  the  films  after  20  min  growth 
rate  differ  for  the  different  catalyst  compositions  generated  by 
0.22 moll-1  catalyst  concentration:  the  highest  carbon  nanotube 
forests  (170  p,m)  are  observed  with  40  mol%  Fe  and  60  mol%  Co  cat¬ 
alyst  composition.  Interestingly,  a  slight  addition  of  6  mol%  Mo  to 
the  pure  Fe  complex  without  Co  leads  to  lower,  but  denser  nan¬ 
otube  forests.  For  the  samples  with  pure  Fe  layer  and  the  optimized 
Fe:Co  (2:3)  composition,  only  multi-walled  CNT  could  be  observed. 
For  the  Fe:Mo  (47:3)  catalyst  system,  Raman  spectra  indicate  the 
presence  of  single-walled  or  rather  double-walled  CNT.  The  specific 
surface  area  (SSA)  of  the  scratched-off  CNTs  grown  after  20  min  by 
Fe:Co  (2:3)  catalyst  composition  is  248  m2  g-1  (BET)  and  265  m2  g-1 
(BET)  by  FeMo  (47:3). 

3.1.  CNT  films 

One  approach  to  decrease  the  MWNT  diameter  is  to  reduce 
the  catalyst  complex  concentration  in  the  dip-coating  solution 
and  therefore,  to  drop  the  catalyst  layer  thickness  on  nickel  sub¬ 
strate  [14,20].  In  this  work,  the  catalyst  film  thickness  for  both  the 
Fe:Co  (2:3)  and  the  Fe:Mo  (47:3)  system  is  lowered  by  decreasing 
the  catalyst  precursor  concentration  in  the  dip-coating  solution. 
Table  1  shows  the  applied  catalyst  complex  concentrations,  the 


Table  1 

Applied  catalyst  complex  concentrations,  the  resulting  oxidized  catalyst  layer  thick¬ 
ness  and  CNT  mass  per  area  after  CVD  process. 


Catalyst  cone. 

[moll-1] 

Catalyst  layer 
thickness  [nm] 

Active  mass  per 
area  [mg cm-2] 

0.220 

23.8 

1.28 

0.165 

18.4 

0.93 

0.110 

12.0 

0.68 

0.055 

4.4 

0.72 

0.022 

2.8 

0.36 

0.015 

2.3 

0.10 
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Fig.  1.  SEM  images  of  CNT  films  grown  by  three  different  catalyst  concentrations  on  Ni  foil  (Ra  =  25  nm)  -  comparison  between  (a)  Fe:Co  (2:3)  and  (b)  Fe:Mo  (47:3)  catalyst 
system. 


resulting  oxidized  catalyst  layer  thickness  calculated  by  AFM  and 
the  CNT  mass  per  area  after  CVD  process.  For  0.011  moll-1,  the 
catalyst  layer  thickness  could  not  be  calculated  since  no  dif¬ 
ference  between  scratched-off  and  as-deposited  layer  could  be 
observed.  The  thickness  of  this  oxidized  layer  can  be  estimated  as 
1-2  nm. 

For  the  production  of  a  dense  vertical  aligned  CNT  forest  by  the 
described  coating  technique  a  Fe/Co  2-ethyhexanoate  (2:3  ratio) 
concentration  of  at  least  0.1 10  mol  l-1  is  necessary.  Lower  concen¬ 
trations  lead  to  a  decreased  film  homogeneity  and  density  and  are 
not  investigated  further  (Fig.  la).  For  the  reduced  metal  concentra¬ 
tion  of  the  Fe:Mo  47:3  catalyst  system  the  CNT  film  homogeneity 
stays  quite  constant  for  0.022  mol  l-1  (Fig.  lb)  even  for  0.01 5  mol  l-1 
showing  a  completely  different  growth  behavior  compared  to  the 
optimized  Fe:Co  2:3  catalyst  system. 

To  have  a  closer  understanding  of  the  particle  network  evolution 
during  the  thermal  treatment  at  process  temperature  and  in  situ 


reduction  by  hydrogen  both  optimized  catalyst  systems  deposited 
on  30  nm  AI2O3  and  polished  silicon  were  investigated  by  AFM: 
Fig.  2  shows  images  of  the  Fe:Co  (2:3)  and  Fe:Mo  (47:3)  catalyst 
films  as  deposited  (0.22 moll-1  catalyst  concentration),  thermally 
and  treated  and  reduced  by  hydrogen  at  730  °C.  It  can  be  clearly 
seen  that  the  as-deposited  catalyst  layer  is  smooth  for  both  sys¬ 
tems:  the  surface  roughness  for  the  Fe:Mo  (47:3)  and  for  the  Fe:Co 
system  is  Ra  =  0.2.  By  heating  these  similar  smooth  oxidized  lay¬ 
ers  up  to  730  °C  the  layer  morphology  changes  differently  for  both 
catalyst  systems,  respectively.  The  oxidized  Fe:Mo  (47:3)  catalyst 
layer  becomes  only  slightly  rougher  ( Ra  =  0.5  nm)  but  the  Fe:Co  (2 :3) 
oxide  film  morphology  and  roughness  ( Ra  =  5.2  nm)  totally  changes. 
During  the  CNT  growth  the  oxidized  layers  are  reduced  by  hydrogen 
to  generate  a  network  of  elemental  metal  particles  being  essential 
for  the  actual  CNT  growth.  For  the  Fe  :Mo  (47 :3 )  system  a  film  rough¬ 
ness  of  Ra  =  0.7  nm  and  for  the  Fe:Co  (2:3)  system  Ra=  4.7  nm  was 
calculated. 


0.00  um0.20  0.40  0.60  0.80  0.00um0.20  0.40  0.60  0.80  0.00um0.20  0.40  0.60  0.80 


FeMo  +  Al203  FeMo  +  Al203  FeMo  +  Al203 

as  deposited  730  °C  730  °C  +  H2  treatment 


FeCo  +  Al203  FeCo  +  Al203  FeCo  +  Al203 

as  deposited  730  °C  730  °C  +  H2  treatment 


Fig.  2.  AFM  images  of  the  Fe:Co  (2:3)  and  Fe:Mo  (47:3)  catalyst  films  as  deposited  by  0.22  mol  1_1  catalyst  concentration,  thermally  treated  and  reduced  by  hydrogen  at 
730  °C. 
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Fig.  3.  CNT  mass  density  with  increasing  catalyst  concentration  (1)  and  scheme  how  CNT  growth  is  influenced  by  different  catalyst  concentrations  (r). 


Sugime  et  al.  [21  ]  observed  that  Mo  addition  suppresses  the  sur¬ 
face  diffusion  and  hence,  Ostwald  ripening  of  Co  catalyst  atoms 
because  Mo  atoms  have  a  larger  radius  than  Co  or  rather  Fe.  Simi¬ 
lar  effects  could  be  the  reason  for  the  density  increase  with  6  wt% 
Mo  content  in  the  Fe  catalyst  layer,  since  Fe  and  Co  atom  radii  are 
similar.  Both  the  simply  thermally  treated  and  the  reduced  catalyst 
layers  give  evidence  for  the  different  Ostwald  ripening  behaviors 
of  the  respective  catalyst  system  being  a  precondition  for  the  CNT 
diameter  adjustment. 

The  CNT  mass  per  area  drops  from  1 .3  mg  cm-2  to  0.09  mg  cm-2 
with  decreasing  catalyst  layer  thickness.  In  contrast,  Zhao  et  al.  [14] 
observed  an  increase  of  the  CNT  mass  density  with  lower  catalyst 
layer  thicknesses  on  polished  silicon  as  substrate.  So  the  surface 
roughness  of  the  metal  foil  seems  to  play  an  important  role  for  the 
VA-CNT  morphology. 

Interestingly,  the  CNT  height  rises  with  lower  catalyst  concen¬ 
tration  and  with  it  lower  catalyst  layer  thickness  by  investigation 
of  2.5  cm  substrate  length:  for  23.8  nm  (0.22  mol  l-1 )  the  CNT  film 
height  is  1 01 .1  ±  2.4  pun,  for  1 2.0  nm  (0.1 1  mol  l-1 )  1 02.9  ±  27.5  [xm 
and  for  2.8 nm  (0.022 moll-1)  135.9 ± 42.9 [xm.  The  higher  stan¬ 
dard  deviation  indicates  a  more  inhomogeneous  growth  with  lower 
catalyst  concentration. 

The  CNT  film  density  (mass  per  volume)  becomes  remarkably 
lower  with  decreasing  catalyst  layer  (Fig.  3).  Reason  for  this  could 
be  the  decreased  quantity  of  CNT  seeds  that  are  formed  on  the  sub¬ 
strate  surface  with  lower  catalyst  concentration.  If  one  CNT  seed 
has  less  neighbored  CNT  seeds,  the  carbon  precursor  diffusion  and 
the  space  being  needed  for  the  growth  are  much  higher  so  that  the 
CNT  film  becomes  higher.  Furthermore,  SWNT  intrinsically  require 
less  carbon  per  unit  length,  thus  the  growth  rate  is  higher  compared 
to  MWNT,  as  well.  [14] 

Fig.  4a  shows  TEM  images  of  CNT  grown  by  different  catalyst 
concentrations:  the  CNT  diameter  can  be  reduced  dramatically  by 
decreasing  the  catalyst  complex  concentration  in  the  dip-coating 
solution  and  therefore  the  catalyst  layer  or  rather  particle  diame¬ 
ter.  By  using  0.22  mol  l-1  an  oxidized  catalyst  thickness  of  ca.  24  nm 
could  be  synthesized.  Half  of  this  concentration  (0.1 1 0  mol  l-1 )  gen¬ 
erates  a  catalyst  layer  thickness  of  ca.  12  nm.  For  0.022  mol  l-1  and 
0.01 5 moll-1  the  catalyst  thicknesses  could  be  decreased  to  2.8 
and  2.3  nm,  respectively.  Generally,  due  to  the  reductive  hydrogen 
treatment  the  resulting  particles  are  smaller.  For  lower  concen¬ 
trations  (between  0.015  and  0.055 moll-1),  the  catalyst  particles 
probably  tend  to  agglomerate  so  that  the  resulting  CNT  diameter 
are  higher  than  the  oxidized  layer  thickness.  For  higher  catalyst 
layers  the  resulting  CNT  diameters  are  smaller  than  the  oxidized 
catalyst  layers  for  two  probable  reasons:  first,  with  increasing  cat¬ 
alyst  layer  the  catalyst  particle  tend  less  to  agglomerate.  Second,  the 
catalyst  layer  of  24  nm  thickness  is  roughened  only  superficially  as 


can  be  seen  in  AFM  section  images  of  a  FeMo  catalyst  layer  profile 
on  silicon. 

Fig.  5  shows  adsorption  isotherms  of  scratched-off  CNT  grown 
by  two  different  catalyst  concentrations  in  the  dip-coating  solu¬ 
tion:  for  0.022 moll-1  catalyst  complex  concentration  the  specific 
surface  area  of  the  resulting  CNT  film  is  increased  from  265  to 
506  m2  g-1  compared  to  the  SSA  of  CNT  films  prepared  by  ten  fold 
higher  concentration  (0.220  mol  l-1 )  being  in  good  agreement  with 
the  TEM  images.  Zhao  et  al.  [14]  obtained  similar  SSA  values  for 
triple  walled  nanotubes  with  diameters  between  5  and  12  nm. 

In  Fig.  6  Raman  spectra  of  CNT  films  prepared  by  three  differ¬ 
ent  catalyst  concentrations  are  shown:  With  decreasing  catalyst 
concentration  in  the  dip-coating  solution  the  ratio  of  the  graphitic 
peak  (G  peak)  and  the  peak  representing  disordered  carbon  (D- 
peak)  increases  from  0.4  to  0.7.  Furthermore,  the  intensities  of  the 
so-called  “Radial  Breathing  Modes”  (RBM,  120-250  cm-1)  indicat¬ 
ing  DWNT  and  SWNT  with  a  diameter  between  1  and  2  nm  [14,22] 
increases  with  lower  catalyst  concentration.  The  maximum  of  the 
most  intensive  peak  at  (230  cm-1)  corresponds  to  a  CNT  diame¬ 
ter  of  1.08  nm.  Furthermore,  a  smaller  peak  at  210  cm-1  from  CNT 
grown  by  0.022 moll-1  catalyst  concentration  representing  CNT 
with  diameters  of  1.18  nm  arises.  SWNT  diameters  can  be  calcu¬ 
lated  from  the  RBM  intensity  by  following  equation  [22]: 


dcNT  = 


248  cm1  nm 

&>RBM 


(1) 


Interestingly,  for  CNT  grown  by  catalyst  layers  being  deposited 
by  a  concentration  of  0.01 5 moll-1  no  RBM  can  be  observed 
although  the  corresponding  TEM  images  show  CNT  with  sim¬ 
ilar  diameters  (4.8  ±  1.1  nm)  as  CNT  diameters  generated  by 
0.022 moll-1  catalyst  concentration  (4.5±0.8nm).  Furthermore, 
the  gravimetric  capacity  increases  for  CNT  prepared  by  0.01 5  mol-1 
compared  to  CNT  generated  by  0.022  mol  l-1  catalyst  concentration 
being  discussed  in  detail  below  (see  Section  3.2.3). 

Probable  reasons  for  these  observations  are: 


(1)  Only  CNT  with  diameters  between  1  and  2  nm  show  RBM,  for 
CNT  being  broader  than  2  nm  the  RBM  intensities  are  weak  and 
only  hardly  observable  but  e.g.  Zhao  et  al.  [14]  generated  SWNT 
with  diameters  up  to  8  nm.  As  indicated  by  TEM,  for  0.1 1  mol  l-1 
catalyst  concentration  (12.0  nm  catalyst  layer),  CNT  diameter  of 
6.2  ±  4.7  nm  and  for  0.022  mol  l-1  (2.8  nm  catalyst  layer  thick¬ 
ness),  CNT  diameters  of  4.5±0.8nm  were  observed.  Possibly, 
only  a  small  percentage  of  l-2nm  broad  CNT  are  generated 
by  0.1 1  and  0.022  mol  l-1  catalyst  concentration.  The  relatively 
low  G/D  peak  area  ratio  (0.4-0.7)  for  all  three  samples  indicate 
the  presence  of  MWNT,  as  well.  For  0.015  moll-1  catalyst  con¬ 
centration,  the  catalyst  particles  may  tend  more  to  agglomerate 
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Fig.  4.  (a)  TEM  images  of  scratched-off  CNT  grown  by  different  catalyst  complex  concentration  in  the  dip  coating  solution,  (b)  catalyst  layer  thickness  and  CNT  diameter  vs. 
catalyst  concentration  of  the  Fe:Mo  (47:3)  complex  concentration  in  the  dip-coating  solution  (c)  and  scheme  of  the  CNT  diameter  control. 


at  the  rough  substrate  surface  so  the  CNT  diameter  cannot  be 
decreased  under  4.6  ±  0.9  nm  and  no  nanotubes  between  1  and 
2  nm  diameter  are  generated. 

(2)  Raman  features  depend  on  the  resonance  condition  and 
with  it  on  the  excitation  laser  wavelength.  Probably,  with  a 
slight  decrease  of  the  CNT  diameters  the  resonance  condition 
changes.  In  this  work,  Raman  investigations  were  limited  to 
two  laser  wavelengths  (785  and  514  nm).  For  514  nm  laser 
excitation  wavelength,  a  weak  signal-to-noise  ratio  of  the 
Raman  spectra  for  all  described  samples  could  be  observed 
indicating  suboptimal  resonance  conditions.  In  a  future  work, 
the  CNT  synthesized  using  different  catalyst  layer  thickness 
can  be  investigated  with  various  excitation  laser  wavelengths 
close  to  785  nm  to  realize  a  slightly  different  resonance 
condition. 


3.2.  Electrochemical  characterization 
3.2 A.  Impedance  spectra 

Fig.  6a  displays  the  impedance  spectrum  of  a  supercapacitor  cell 
consisting  of  aligned  CNT  forest  active  layer  grown  on  FeMo  47:3 
catalyst  layer  generated  by  0.165  mol  l-1  catalyst  complex  concen¬ 
tration  (18.4nm  oxidized  catalyst  layer,  0.93  mg  cm-2  CNT).  The 
impedance  spectrum  is  also  plotted  after  subtraction  of  inductance 
element.  The  impedance  spectrum  exhibits  typical  characteristics 
of  porous  electrodes  without  Faraday  processes. 


Spectra  can  be  well  fitted  with  the  equivalent  circuit  model 
consisting  of  an  inductance  of  instrumentation  (wires)  L,  a  serial 
resistance  representing  the  internal  resistance  of  the  capacitor  Rs , 
and  the  impedance  of  the  porous  layer  Zpor.  The  internal  serial 
resistance  Rs  is  determined  by  the  electrolyte  resistance  with  some 
contribution  of  ohmic  resistance  of  metal  components  and  contact 
resistance  between  the  active  layer  and  substrate: 

Rs  —  ^electrolyte  +  ^contacts  +  ^ohmic  (2) 


Fig.  5.  Adsorption  isotherms  of  scratched-off  CNT  grown  by  two  different  catalyst 
concentrations. 
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Fig.  6.  Raman  spectra  of  CNT  grown  by  three  different  catalyst  concentrations. 


The  impedance  of  porous  layer  Zpor  can  be  described  by  a  mod¬ 
ified  de  Levie  impedance  element  [23,24]: 

ZporM  =  (*)'  COth  ( jcoRwC? ,  (3) 

where  Rw  represents  the  ion  diffusion  inside  the  pores,  and  C  rep¬ 
resents  the  low  frequency  capacitance,  which  is  determined  by  the 
double  layer  capacitance  of  the  total  pore  surface  area.  If  n  =  0.5,  the 
impedance  Z{oo)  will  be  equal  to  the  ideal  de  Levie  impedance  ele¬ 
ment,  where  the  porous  electrode  is  described  by  a  RC-transition 
line  model.  Deviation  of  n  from  the  ideal  value  of  0.5  is  typical  for 
real  macroscopic  porous  electrodes. 

The  non-ideality  may  be  interpreted  as  a  result  of  several  sur¬ 
face  irregularities;  such  as  distribution  in  macroscopic  path  lengths 


(non-uniform  active  layer  thickness),  distribution  of  pore  size  [25] 
or  shape  [26],  or  substrate/electrolyte  boundary  effect  [27]. 

The  low  and  high  frequency  limits  of  Eq.  (3)  are  as  follows: 

At  low  frequency: 

Zpor(0)  =  (ji) 2"  +  ir = CPEdi + Rpor’  (4) 

which  is  a  serial  combination  of  the  pore  resistance,  and  the  double 
layer  capacitance  at  the  whole  pore’s  surface,  described  by  non¬ 
ideal  constant  phase  element  (CPE),  representing  the  frequency 
dispersion.  This  frequency  dispersion  may  be  the  result  of  com¬ 
bination  of  several  types  of  surface  heterogeneity  [24]. 

At  high  frequency: 


looks  like  the  generalized  Wartburg  element,  describing  the  ionic 
transport  control  inside  the  porous  active  layer,  and  is  attributed 
to  the  low  penetrability  of  pores. 

As  seen  on  the  typical  impedance  spectrum  shown  in  Fig.  7a,  the 
impedance  characteristics  of  CNT  electrodes  are  very  close  to  the 
ideal  behavior,  n  =  0.493.  Reasons  for  it  are  the  aligned  structure 
of  CNT  layer,  the  uniform  length  and  the  narrow  distribution  of 
pore  diameter,  the  excellent  electron  conductivity  of  CNT  and  a 
very  low  contact  resistance  between  the  nickel  substrate  and  CNT 
active  layer. 

The  specific  double  layer  capacitance  of  aligned  CNT  electrode 
sample  (with  catalyst  layer  formed  in  0.165  mol  l-1  concentration) 
calculated  from  impedance  spectra  at  2  V  is  20  Fg-1  (correspond¬ 
ing  cell  capacitance  is  5Fg-1,  see  also  Fig.  8).  This  value  is  in 
agreement  with  the  differential  specific  capacitance  (19.44  Fg-1) 
calculated  from  the  initial  slope  of  galvanostatic  discharge  curve 


b) 


L  R,  Zpo, 


Fig.  7.  (a)  Complex  plane  impedance  spectrum  of  a  two-electrode  symmetrical  cell  of  CNT  active  layer  (catalyst  layer  formed  in  0.165  moll-1  concentration  of  complex 
mixture).  Q:  measured  impedance  data,  x:  the  same  after  subtraction  of  inductance  from  the  spectra,  solid  lines:  fitted  curves  based  on  the  shown  equivalent  circuit  (b); 
(c)  apparent  specific  capacitance  as  a  function  of  frequency,  (d)  normalized  resistance  as  a  function  of  frequency.  (Data  are  obtained  in  a  two-electrode  symmetrical  cell  of 
0.93  mg  cm-2  CNT  active  layer  (catalyst  layer  formed  in  0.165  mol  l-1  concentration  of  complex  mixture)  from  impedance  spectra  measured  at  2  V  bias  voltage.) 
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Fig.  8.  Influence  of  catalyst  concentration  on  (a)  the  pore  resistance  and  (b)  specific  capacitance  of  the  electrode.  Data  were  obtained  from  impedance  spectra  at  2  V,  the 
corresponding  catalyst  layer  thicknesses  are  given  in  the  graphs. 


measured  with  lAg-1.  It  is  well  below  the  achievable  value  of 
SWCNT  of  80  Fg-1  (20Fg-1  cell  capacitance),  which  is  presented 
in  non-aqueous  electrolytes  [28,29].  The  difference  is  due  to  the 
formation  of  MWCNT  in  large  quantities,  having  lower  accessible 
surface  area,  as  presented  in  Raman  spectra  (Fig.  6),  TEM  images 
(Fig.  4)  and  the  SSA  (Fig.  5).  The  difference  correlates  with  the  lower 
BET  surface  area  (265  m2  g-1 )  compared  to  the  1 000  m2  g-1  of  Ref. 
[28]. 

The  electrolyte  resistance  is  very  low,  in  between  0.25  and 
0.45  £2  cm2,  which  is  3-5  times  higher  than  the  theoretical  value 
of  electrolyte  resistance  (83  m£2  cm2)  calculating  with  30  mS  cm-1 
conductivity  and  25  fjim  distance  between  electrode  plates.  The  dif¬ 
ference  may  be  due  to  the  porosity  and  resistance  of  separator,  and 
non-uniformity  of  the  distance  between  the  rigid  nickel  plates  and 
contribution  of  the  resistance  of  oxides  present  at  the  substrate. 

The  pore  resistance,  and  therefore  the  barrier  effect  against 
ionic  transport  are  very  low,  which  is  the  consequence  of  the 
aligned  structure  of  CNT  layer.  The  pore  resistance  of  0.93  mg  cm-2 
(prepared  by  0.1 65 moll-1  catalyst  concentration)  CNT  sample 
is  0.23  £2  cm2,  which  is  lower  than  the  electrolyte  resistance  of 
100  |jim  thick  electrolyte  film  (0.3  £2  cm2),  indicating  that  the  elec¬ 
trolyte  penetrated  into  the  whole  depth  of  CNT  forest  layer  and  the 
whole  outer  CNT  surface  area  is  accessible  to  electrolyte.  On  the 
other  hand,  the  smaller  value  indicates  also  that  some  horizontal 
tilting  and  densification  of  aligned  CNT  layer  during  preparation  of 
cell  may  happen. 

As  a  summary,  the  low  electrolyte  and  pore  resistance  values 
of  CNT  based  electrodes  is  beneficial  for  high-frequency  or  high 
power-density  applications.  The  serial  resistance 

^esr  =  ^el  +  ^por  (6) 

being  proportional  to  the  CNT  mass  is  2.3  m£2  g.  As  an  illustration,  a 
hypothetical  100F  supercapacitor  cell  assembled  from  these  CNT- 
based  electrode  materials  would  exhibit  an  estimated  resistance 
originating  from  electrolyte  and  pores  as  low  as  0.1  m£2.  This  value 
is  so  low,  that  the  total  resistance  of  such  a  cell  would  be  dominated 
by  the  ohmic  resistance  of  its  metallic  components  and  the  contacts. 


3.2.2.  Frequency  dependence 

Fig.  7c  and  d  shows  the  frequency  dependence  of  capacitance 
and  resistance,  where  the  apparent  C  and  R  values  are  calculated 
from  the  measured  impedance  data  according  to 


and  R=Z'.  The  capacitance-frequency  curve  can  be  divided  into  two 
well-distinguishable  ranges:  (i)  at  low  frequencies, /<  200  FIz,  the 
capacitance  is  almost  constant,  the  slight  increase  of  capacitance 
with  decreasing  frequency  is  the  result  of  the  frequency  disper¬ 
sion  due  to  macroscopic  heterogeneity;  (ii)  at  high  frequencies, 
/>  200  Hz,  the  penetrability  of  pores  in  the  active  layer  decreases 
with  increasing  frequency,  therefore  the  capacitance  drops.  The 
real  part  component  of  impedance  increases  also  with  decreas¬ 
ing  frequency:  (i)  at />  10  kHz,  the  serial  resistance  Rs  (dominantly 
the  electrolyte  resistance)  is  measured;  (ii)  in  the  middle  range 
of  10-100  Hz  the  plateau  relates  to  the  sum  of  serial  (electrolyte) 
resistance  and  the  pore  resistance,  Rs  +  Rpor,  where  the  ions  are  able 
to  access  the  whole  electrode  surface  deep  inside  the  pores,  with 
the  result  of  a  longer  pathway  for  the  ions  in  the  electrolyte  [30].  (iii) 
At /<  10  Hz,  a  further  increase  of  resistance  occurs,  which  is  a  con¬ 
sequence  of  the  real  part  component  of  the  non-ideal  CPE  behavior 
of  supercapacitor. 

3.2.3.  Influence  of  the  catalyst  layer  thickness  on  the 
electrochemical  characteristics 

As  presented  in  the  previous  part  (Section  3.1),  the  thickness  of 
catalyst  layer  has  remarkable  influence  on  the  CNT  density  and  the 
thickness  of  the  walls  of  the  formed  CNT.  Table  2  summarizes  the 
impedance  results  of  CNT  electrodes  generated  by  different  catalyst 
layer  thicknesses.  It  is  known  that  double  layer  capacitance  of  car- 
bonous  materials  in  organic  electrolytes  depends  on  the  applied 
voltage  [29,30].  As  supercapacitors  are  operated  dominantly  at 
a  high  voltage  range,  only  differential  double  layer  capacitance 
obtained  at  2  V  is  given  in  this  chapter. 

As  seen  in  Table  2,  the  increase  of  catalyst  concentration  and 
CNT  density  results  in  an  increase  of  normalized  double  layer 
capacitance  (specific  to  the  surface  area),  and  reaches  a  plateau 


Table  2 

Summary  of  the  impedance  data  obtained  with  two-electrode  cell  of  CNT  electrodes  with  different  active  mass  per  surface  area  grown  by  different  catalyst  concentration. 


Catalyst  cone,  [mol  l-1  ] 

Catalyst  layer  thickness  [nm] 

CNT  density  [mg cm-2] 

Cdia  (2  V)  [mFcirr2] 

Cspa(2V)[Fg-1] 

Rpor  (2  V)  [mflem2] 

0.220 

23.8 

1.28 

15.8 

12.34 

232 

0.165 

18.4 

0.93 

18.6 

20.04 

212 

0.110 

12.0 

0.68 

16.3 

23.91 

143 

0.055 

4.4 

0.72 

16.4 

22.89 

178 

0.022 

2.8 

0.36 

13.5 

37.43 

121 

0.015 

2.3 

0.10 

5.96 

60.53 

53.6 

a  Calculated  to  single  electrode  capacitance  value. 
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demonstrates  the  feasibility  of  scalable  production  tech¬ 
niques  being  an  important  step  towards  CNT  based  binder-free 
nanoporous  electrodes  for  energy  storage  applications. 

In  summary,  electrochemical  testing  revealed  the  huge  poten¬ 
tial  of  the  CNT-films  for  energy  storage  applications.  Very  low  series 
resistance  was  measured  indicating  the  applicability  of  CNT  super¬ 
caps  in  areas  where  high  power  density  or  high  frequency  is  crucial. 
However,  the  capacitance  and  therefore  the  energy  density  of  the 
materials  in  the  current  state  are  different  from  our  expectations. 
Only  at  high  charging  rates  and  in  high-power  applications  CNT- 
electrodes  are  clearly  advantageous  over  existing  supercapacitor 
technologies. 

Acknowledgements 


Fig.  9.  Galvanostatic  charge/discharge  cycle  stability  measured  at  constant  current 
of  1  Ag-1  for  VA-CNT  electrodes  prepared  by  different  catalyst  thicknesses.  Specific 
discharge  capacitance  is  given  to  single  electrode  value;  the  corresponding  catalyst 
layer  thickness  is  given  in  the  graphs. 

around  0.05 moll-1  catalyst  concentration;  above  this  concentra¬ 
tion  only  slight  further  increase  in  the  double  layer  capacitance 
was  observed.  It  suggests  that  above  this  concentration  even  if  the 
mass  of  CNT  layer  is  increasing,  the  BET  surface  area  is  nearly  con¬ 
stant,  due  to  the  formation  of  MWCNT  in  higher  ratio.  The  maximal 
surface  area  related  capacitance  was  obtained  with  0.1 65 moll-1 
catalyst  concentration. 

On  the  other  hand  the  decrease  of  the  catalyst  concentration 
results  in  an  increase  of  specific  capacitance  (Fig.  8b),  which  sug¬ 
gests  that  at  low  catalyst  layer  thicknesses  (smaller  particle  size) 
the  formation  of  thinner  CNT  is  preferred.  At  very  low  catalyst 
concentration  (0.01 5 moll-1)  the  resulting  CNT  film  has  15 Fg-1 
cell  capacitance  (corresponding  to  60 Fg-1  single  electrode  spe¬ 
cific  capacitance),  which  is  only  little  lower  than  the  theoretical 
value  of  SWCNT  (20  F g-1  [28,31  ])  in  organic  electrolytes.  The  pore 
resistance  correlates  also  with  the  CNT  catalyst  layer  thickness  as 
visible  in  Fig.  8a.  The  increase  of  the  catalyst  layer  thickness  results 
in  a  denser  CNT  film.  This  evidently  increases  the  porosity  of  the 
active  layer,  which  consequently  acts  as  a  stronger  barrier  to  ionic 
transport  process. 

3.2.4.  Galvanostatic  charge/discharge  cycle  stability  of  CNT 
electrodes 

Fig.  9  illustrates  the  cycle  stability  properties  of  selected  CNT 
cells.  During  the  first  2000  cycles  cell  performance  can  be  consid¬ 
ered  to  be  stable,  less  than  2%  decrease  of  discharge  capacitance 
were  measured,  which  suggests  long-cycle  stability  of  CNT  samples. 

4.  Conclusion 

In  conclusion,  using  an  efficient  dip  coating  process,  a  metal  sub¬ 
strate  and  by  using  an  optimized  FeMo  (47:3)  catalyst  system,  the 
CNT  diameter,  specific  surface  area  and  gravimetric  capacity  could 
be  controlled.  The  precursors  for  the  wet-chemical  catalyst  layer 
deposition  are  affordable  and  available  and  the  dip-coating  pro¬ 
cess  as  well  as  the  APCVD  process  has  the  potential  for  up  scaling 
in  a  continuous  process. 

The  specific  capacitance  observed  on  these  samples  approaches 
that  of  the  theoretical  maximum  achievable  for  SWCNTs.  With 
0.0165 moll-1  as  catalyst  concentration  (corresponds  to  2.3 nm 
oxidized  catalyst  layer)  CNT  with  the  highest  specific  capacitance 
(60 Fg-1  for  the  single  electrode)  and  very  low  pore  resistance 
were  generated  (53.6-232 m£2 cm2).  The  approach  described 
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